The experiments at LHC have shown that the SUSY (exotic) bound states are likely to form bound states in an entirely similar fashion as ordinary quarks form bound states, i.e., quarkonium.
I. INTRODUCTION
Weak-scale Supersymmetric Standard Model (SSM) is the leading candidate for physics beyond the Standard Model (SM) [1, 2] . Supersymmetry (SUSY) is built on a solid theoretical and mathematical foundation. It is also well-motivated as an elegant solution to the gauge hierarchy problem and has merits of gauge coupling unification, dynanical electroweak symmetry and providing a legitimate candidate for dark matter. SUSY predicts the existence of a super partner called SUSY particles (sparticles) corresponding to each ordinary particle of SM. These sparticles should be accessible at the exist and constructing colliders such as Tevatron and LHC. Over the past years, great effort has been made to search for such sparticles. So far, no direct signal for SUSY has been observed and some lower mass bounds have been established for sparticles. The experimental results at LEP [3] [4] [5] [6] [7] [8] 9, 10] and Tevatron [11] [12] [13] [14] , squarks must be heavier than about 100 GeV. However, most experimental searches for sparticles are performed with model-dependent assumptions and rely on a large missing energy cut. A long-lived light SUSY bottom quark (sbottom), b, and its anti-sbottom, b, with a mass m e b close to m b (∼ 4.9 GeV), roughly half the Υ(1S) mass, has not been excluded by experiments [15, 16] . Hence, a light sbottom and its anti-sbottom, are not excluded so far partly because of the ALEPH collaboration indication [3] [4] [5] [6] [7] [8] and partly because of interesting scenario to explain the excess of bb pair production in hadron collisions than theoretical prediction by a factor two. Some analyses [15] showed that if the light b is an appropriate admixture of left-handed and right-handed sbottom quark, its coupling to Z boson can be small enough to avoid LEP-I Z decay bounds. In addition, a scenario with light gluino and long-lived light sbottom with mass close to the bottom quark was proposed in [16] with which the excess of measured b b pair production in hadron collision over QCD theoretical prediction by a factor two is explained successfully (cf. [17] [18] [19] ). The data about bb pair production in hadron collision given by CDF and D0 can be explained well by QCD theoretical production: e.g., we can learn the details from the web address in [17] [18] [19] . The CLEO exclusion of a b with mass 3.5 to 4.5 GeV [20] can also be loosed even avoided, since their analysis depends on the assumption for semi-leptonic decays of the light sbottom. Moreover, since sbottom is a scalar, based on the spin freedom counting only, its pair production rate at collision will be smaller than the bottom quark by a factor four, so the sbottom samples must be rarer than those of bottom quark in experiments.
In contrary, it is interesting to point out that some experiments seemingly favor such a light sbottom. The ALEPH collaboration has reported experimental hints for a light sbottom with a mass around 4 GeV and lifetime of 1 ps [21] . A recent analysis of old anomaly in the MARK-I data for cross section of e + e − →hadrons shows that the existence of such a light sbottom can bring the measured cross section into agreement with the theoretical prediction [22] . As mentioned by Berger et al. [16] , a light-gluino analysis was done by Baer et al. [23] in which the gluino is assumed LSP. Cheung and Keung [24] modified the analysis [23] by letting the light gluino decay into b and b and study the possible constraint and implication at LSP. Therefore, the light gluino and light sbottom scenario will certainly give rise to other interesting signals, e.g., decay of χ b into the light sbottom [25] , enhancement of ttbb production at hadron colliders [26] , decay of Υ into a pair of light sbottoms [27] and flavorchanging effects in radiative decays of B mesons [28] .
The phenomenology of a very light sbottom has been studied by many authors recently [24] [25] [26] [28] [29] [30] [31] [32] . If such a light sbottom indeed exist, new meson-like bound states is formed by a pair of the sbottom and anti-sbottom ( b b) and fermion-like ones by an ordinary quark with anti-sbottom (q b) (e.g., heavy quark q = c, b) may be also formed.
Some quarkonium binding systems like cc, bb and cb have been studied with encouraging success [33] [34] [35] , in the framework of the potential model using a strictly phenomenological static heavy quark-antiquark potential belonging to the generality V (r) = −Ar −α + κr β + V 0 , (α = 1, β = 1/2). Hence, the parameters of this potential are fixed by fitting the experimentally measured triplet S-states and the center-of-gravity (c.o.g.) non S-states of cc and bb spectra to their calculated levels and taking into consideration their hyperfine splittings in the framework of non-relativistic quarkonium model. It has been found that the potential description is flavor-independent, i.e., the same potential describes equally well the cc and the bb systems. Therefore, if we take the potential parameters obtained from the fitting of the mass spectra cc and the bb systems, we may predict the Schrödinger boundstate masses of the exotic states. We take the very same values of potential parameters used for the observed bound states of ordinary quarks to predict the unknown exotic squark bound states. It is well-known that the interaction between two squarks is due to the gluon exchange [36] which is found to be very similar to that interaction between two ordinary quarks, and an interaction due to Higgs particle exchange [37] . Thus, the gluon exchange interaction in squarkonium motivates us to use very similar parameter set of present potential model as in quarkonium [33] [34] [35] .
Over the past years, the experiments at LHC have shown that the exotic bound states are likely to form bound states in an entirely similar fashion as ordinary quarks form bound state, i.e., quarkonium. The long-lived sbottom is not excluded by conventional searches and an analysis should be done to verify that there are no additional constraints on the allowed range of sbottom masses and lifetimes. In addition, it is well-known that the interaction between two squarks is due to gluon exchange which is found to be very similar to that interaction between two ordinary quarks, and an interaction due to Higgs particle exchange. Thus, the gluon exchange interaction in squarkonium motivates us to use very similar parameter set of present potential model as in quarkonium. The purpose is to calculate the spectroscopy of (Q b) Q = c, b and ( b b) in terms of potential model with Coulomb plus square-root potential [33] [34] [35] in which the parameters are fixed by heavy quarkonia (cc) and (bb) with sbottom mass, m e b is set as a free parameter. Furthermore, in order to have a full knowledge on such a spectrum, we also give the result for a heavier sbottom masses from 3.0 GeV to 60.0 GeV. 
II. SPIN-AVERAGED BINDING MASS SPECTRUM
We limit our discussion to the following generality of potentials [33, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] :
where A and κ are positive constants whereas V 0 is taking any sign. These static quarkonium potentials are monotone nondecreasing, and concave functions satisfying the condition [41- 49]
At least ten potentials of this generality, but with various values of the parameters, have been proposed in the literature (see, for example, Ref. [33] and references therein). Motyka and Zalewiski [34, 35] have also explored the quality of fit in the region 0 ≤ α ≤ 1. 
with fitted quark masses:
where V (r), √ r and r −1 are all in units of GeV. Notice that for the c quark, m c is roughly half the J/ψ mass and for b quark it is roughly half of the Υ(1S) mass. Thus, the potential model (3) is convincing as it approaches to the perturbative QCD formula in the short-distance region and approached to the confining potential in the long-distance region. Consequently, in short-distance region, this potential involves the r −1 (Coulombic part) corresponding to one gluon exchange which is approaching to the perturbative QCD formula. The linear confinement part of the potential is ∼ r, as in Cornell potential [50, 51] , is not seen. Such a linearly rising potential [50, 51] is capable of confining quarks permanently and it can
give rise to spectrum of particles containing light quarks in rough accord with experiment [52, 53] . 
where u(r) is the radial wave function, E n,l is the Schrödinger binding energy of meson and a is a proper shift. We follow the shifted 1/N or 1/k expansion method by defining
and the binding energy expansion
where 
where α (1) and α (2) are two useful expressions given by Imbo et al. [56] [57] [58] and also the parameter k is
Hence, the total binding energy of the three-dimensional (D = 3) Schrödinger equation to the third order is
and the shift parameter is
The root, r 0 , in Eqs. (13)- (14) can be found through the relation:
where the radial number n r = n − 1 with n = 1, 2, 3, · · · is the principal quantum number.
Once r 0 is determined through Eq. (15), hence finding the Schrödinger binding energy of any quarkonium system from Eq. (13) becomes relatively simple and straightforward. Finally, the corresponding ordinary or exotic bound states become
where m q i and m q j are the composite masses of the quark with antiquark and m e q i and m e q j squark with anti-squark Details of the model and the method of solution may be found in
Refs. [33, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] .
Now let us turn to the investigation of the spin-spin interaction. It is well-known that the system under study is a nonrelativistic, the treatment is based on the Schrödinger equation with a Hamiltonian [59, 60] 
where V SS is the spin-spin contact hyperfine interaction which is one of the spin-dependent terms predicted by one-gluon exchange (OGE) forces [59, 60] . Recently, the spin-spin part, in momentum space (q = µ), was found to be [61] [62] [63] 
with Wilson coefficient
where N c is the number of colors, g s (q) is the running coupling constant [61] [62] [63] [64] [65] . The formula (19) improves upon the one-loop perturbative calculation in two important respects: (i) it is independent of µ and (ii) also includes the higher order logarithmic terms.
If the coefficients are calculated at tree level; i.e., c 3 (µ, m) = 1, d(µ) = 0, the potential reduces to the Eichten-Feinberg result [66, 67] . And if these coefficients are expanded to order α s (µ) then reduced to a one-loop quarkonium spin-spin interaction in the nonrelativistic case [68] [69] [70] which is responsible for the hyperfine splitting of the mass levels [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] 
adapted from the Breit-Fermi Hamiltonian. The number 1 4 substituted from the product of the spins corresponds to the recent assumption that the unperturbed nonrelativistic
Hamiltonian gives the energy of the triplet states. Since for the states with orbital angular momentum L > 0 the wave function vanishes at the origin, the shift affects only the S states.
Thus, the only first order effect of this perturbation is to shift to the pseudoscalar 1 S 0 states down in energy:
with the wave function at the origin is calculated by using the expectation value of the potential derivative via [33, [41] [42] [43] [44] [45] [46] 49, [82] [83] [84] 
An application of the last formula needs the value of the wavefunction at the origin. This can be achieved by solving the Schrödinger equation with the nonrelativistic Hamiltonian and the coupling constant. In such an approach, the QCD strong coupling constant α s (4µ 2 ), on the renormalization point µ 2 is not an independent parameter. It can be connected (in the MS renormalization scheme) through the two-loop relation [34, 35, [85] [86] [87] 
where β 0 = 11 − 
Knowing the coupling at the scale m 
and
We follow these analysis in order to calculate the experimental binding masses of the heavy quarkonia cc, cb and bb. At the end, it is worth to note that the sbottom b is a scalar, there is no spin-spin interaction (hyperfine splitting) for (Q b) and ( b b), where Q = c, b.
III. SQUARKONIUM PRODUCTION A. Production Through the Leptonic Decay
The squarks might be discovered by detecting ordinary quark-antiquark bound states as resonances at LHC. (This is of course one of the main ways of studying charm and bottom quarks). The bound states of squarks are narrow resonances depend primarily on their leptonic widths (unless the squark itself has a very large width). Therefore, our aim will be to compute Γ e . The leptonic decay widths of the heavy quarkonia and squarkonium are proportional to the squares of the wave functions at the origin. Therefore, they are significant only for the S states. To compute the decay rate for this process, we use nonrelativistic bound state techniques since the squarks are expected to be very heavy objects (massive particles) and therefore their bound states are not relativistic systems. For the cc and bb quarkonium and b b sbottomonium systems, we shall consider the decays of the n 3 S 1 (vector, J P C = 1 −− ) states decay into charged lepton pairs, e.g. e + e − pairs are usually calculated from the QCD corrected Van Royen-Weiskopf formula
where |ψ(0)| is the bound state radial wavefunction at the origin, M V the mass of the bound triplet (vector) state, α the fine-structure constant and e q the charge of the quark in units of the electron charge. In the computation we have taken for ordinary quarks squarkonium, we consider the decays of the n 1 S 0 (pseudoscalar) states into τ ν τ pairs. Since the probability of such decays contains as a factor the square of the lepton mass, the decays into lighter leptons are much less probable [33] [34] [35] . For vector mesons containing light quarks (squarks) this formula leads to paradoxes (cf., e.g., Ref. [33] and references therein). For quarkonia, however, the main problem seems to be the QCD correction. Thus, in order to get quantitative predictions it is necessary to include higher order corrections which are not known. In order to estimate the missing terms we tried two simple forms. Exponentialization of the first correction
and Padeization
We use the average of these two estimates as our estimate of the QCD correction factor extended to higher orders. The difference between C 1 and C 2 is our crude evaluation of the uncertainty of this estimate. Further, we have the relation
where C av is the averaged QCD correction factor. With our choice of parameters this formula reduces to
where m q (m e q ) is the quark (squark) mass and F (c) = 7.07 × 10 
and Γ h /Γ ≃ 1 if the hadronic width predominates. The formula for the leptonic widths of the pseudoscalar cb quarkonium reads
where G is the Fermi constant, V cb ≈ 0.04 is the element of the Cabibbo-KobayashiMasakawa matrix and the decay constant f Bc is given by the formula (cf., e.g., Ref. [33] and references therein)
where C(α s ) is QCD correction factor. Formally this decay constant is defined in terms of the element of the axial weak current
The QCD correction factor is
With our parameters C(α s ) ≈ 0.905 and since this is rather close to unity, we use it without trying to estimate the higher order terms.
Let us note the convenient relation
which for our values of the parameters yields
where all the parameters are in suitable powers of MeV.
B. Production Through Z 0 Decay
We compute first the width of squarkonium J P C = 0 ++ . The 0 ++ state decays almost entirely into two gluons andpairs. Explicit calculations give [89] Γ(0
with m = m q (m e q ) is the constituent mass of quark (squark) of the bound state system and
with R = m/m, m = m g (m e g ) is the gluon (gluino) mass. In conventional quarkonium, one can extract the value of |ψ(0)| 2 from experimental data on the leptonic width of the quarkonium state (except, of course, for toponium). We choose to use a tentative input for |ψ(0)| 2 obtained by a Coulomb like potential (1/r gluonic behaviour), see Eq. (3). This is justified, since as the mass of the constituents of the bound state system goes higher (high mass regime), the short-range forces should approach the Coulomb like interaction whereas the confining linear potential should be negligible in the short distance limit. We shall stick to a coulombic wavefunction, namely, [82] [83] [84] 
The relative branching ratio of Eqs. (39) and (40) is confining term at large distances [50, 51] .
A recent interest in charmonium spectroscopy [90] is revived because of the recent discovery of the long missing η MeV (with an estimated systematic error of ∼ 1 MeV) in exclusive decay (with six different identified η c final states.) Additional interest in cc spectroscopy has followed the discovery of the remarkable X(3872) by Belle [95] and CDF [96] in B decays to J/ψπ + π − ;
assuming that this is a real resonance rather than a threshold effect, the X(3872) is presumably either a DD * charmed meson molecules [97] [98] [99] We first apply this model described above to the ordinary quarkonia known through the SM. Consequently, we calculate the cc, bb and cb(bc) quarkonium binding mass spectra in close agreement with above up-to-date experimental findings. The theoretically calculated quarkonium binding masses together with their S-states hyperfine splittings are listed in Tables 1-2 . The hyperfine mass splittings of the 1S cb state is predicted by the present potential model and other models are listed in Table 3 . The calculated binding masses are found to be in close agreement to the recently observed ones. This allows us to extend this study to the unknown spectra of the squarks to predict their binding masses in a unified way. Further, in Tables 1-3 
MeV is found to be lower than the calculated values from the potential models [19, 26] . In all cases, where comparison with the other models are significantly smaller than the splittings found by Eichten and Quigg [71] and Gupta and Johnson [107] . The QCD sum rules [108, 109] finds the hyperfine splitting of the bottomonium ∆ HF (1S,bb,theory)= 63 +29 −51 MeV with the central value agrees well to several MeV with expectation. However, the uncertainty is too large to distinguish between the potential models. A lattice calculation [110] gives the hyperfine splitting ∆ HF (1S,bb,theory)= 60 MeV with a large uncertainty. The central value seems to be close to our model, but the uncertainty is big enough to be consistent with all the potential models quoted here. Furthermore, our model predicts nearly an approximate hyperfine splitting for the 1S bottomonium and 2S charmonium as in the other potential models [34, 35, 49, 71] , lattice [111, 112] and perturbation QCD [113, 114] .
The level fine and hyperfine splittings in charmonium and bottomonium together with the experimental and other models findings are listed in Table 4 . The fine splitting in charmonium is found to be M ψ ′ (2S) −M J/ψ(1S) = 597 MeV. It is within 7.8 MeV from the experimental value. However, the splitting for bottomonium is found to be M Υ ′ (2S) − M Υ(1S) = 571 MeV.
It is within 8 MeV from the experimental value.
Motivated by the great success of our earlier applications [33, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] , we extend this study to produce the binding masses of the sbottom with anti-sbottom and heavy quark with anti-sbottom. In Table 5 , we show the results about b b states. The numerical results about (q b), (q = b, c) states are shown in Table 6 and Table 7 , respectively. Because sbottom is a spin zero particle, the spectrum of the corresponding bound states is simpler than that of (qq) states. We can see from these tables that when m e b ≈ m b , the binding masses of the lowest states (bb), (b b) and b b are very close to each other. This is reasonable because the strong interaction for these states is similar. Also, the leptonic decay widths of the sbottomonium system resonances for different values of the resonance sbottom mass and
are shown in Table 8 . [130] . Finally, in general, the potential models seem to reproduce the experimental values much better. This feature would be understandable, since the potential models contain much more input parameters than the lattice or perturbative QCD models.
We point out that Chang et al. [78] used a relativistic model to calculate part of these bound states for some J P C = 0 ++ , 1 −− , 2 ++ , 3 −− corresponding to n 3 P 0 , n 3 D 1 , n 3 P 2 and n 3 D 3 , n = 0, 1, 2, 3, respectively, which is entirely different than our c.o.g. calculations.
Calculating states like n 3 P 1 , n 3 P 2 and n 3 D 2 could help us to compare with other models [130] .
V. CONCLUSIONS
We have obtained the bound state masses and hyperfine energy splittings of a flavorindependent static quarkonium potential model for few ordinary quarkonium and scalar squarkonium mesons within the framework of the shifted N-expansion technique for L = 0, 1, 2 states (see Tables 1-7 ). In Tables 1-4 , we have shown the effectiveness of the employed static quarkonium potential model in producing the quarkonium bound-state masses to several MeV. Encouraged by this success of a flavor-independent potential model, we have also predicted the bound state masses of few unknown squarkonium systems for low-to-high squark masses (3.0 GeV-150.0 GeV) as shown in Tables 5-7 . In finding the unknown squarkonium energy splittings, we have used the quarkonium strong coupling constant α s (m 2 ) values to predict the squarkonium energy splittings. Essentially, this is because the type of interaction between two squarks is very similar to the interaction between two quarks (for reviews see, for example, [36] and references therein). Such an interaction is part of the one gluon exchange interaction and is responsible for the mass differences. Apparently, the squarkonium fine and hyperfine splittings are found to be nearly same as their quarkonium counterparts if the squark mass is chosen near the quark mass (i.e., m e q ≃ m q ). Our conclusions are also consistent with the conclusions made by Ref. [130] . This is reasonable because the strong interaction for these states is similar (see, for example, [130] ). The exotic bound states are likely to form bound states in an entirely similar fashion as ordinary quarks form bound state, i.e., quarkonium [89] . Since the same potential model is used for conventional QCD bound states and sbottomonium, so it is obvious, from the present work and Ref. [130] , that the mechanism responsible for the binding of a bb couple is the same one responsible for the binding a scalar b b. In general, the type of interaction in squarkonium is very similar to that in quarkonium [36] .
Furthermore, the calculation of the leptonic decay constant is important in predicting the cross-section. Therefore, we have calculated the leptonic decay constants in Table 8 . We conclude that sbottomonium bound states can be detected as resonances at LHC. Above quark masses of about 2 GeV, Γ e is much higher than the experimental upper limits even for squarks of charge 2 3 . Moreover, Γ e increases rapidly with the squark mass. In addition, in the supersymmetric front, squarks, sleptons and gauginos do also have a probability to be pairwise produced at LHC [89] . Squarks are likely to form bound states in an entirely similar fashion as conventional quarks from bound state, i.e., quarkonium [89] . The modeldependent squark leptonic decay widths are bigger than the ordinary quarks for m e b < m b
and m e b > 10 GeV and give decay smaller than the energy splitting between bound states which is assumed to be a narrow resonance. As an illustrative example, with given squark mass m e q = 65 GeV and strong coupling constant α s (m 
